Time reversal active sensing using Lamb waves is investigated for health monitoring of a composite structure. In the present work experiments were conducted on a glass/epoxy composite plates to study the time reversal behavior of A0 and S0 Lamb wave modes. PZT wafer sensors were surface bonded to the structure for generation and reception of the Lamb wave modes. Time reversal experiments were further carried out on carbon/epoxy composite t-pull specimen. The specimen was subjected to a tensile loading in a Universal testing machine. The PZT sensor measurements were carried out for healthy and also during different stages of delamination due to tensile loading. Time reversal of A0 and S0 mode was applied for both healthy and delaminated composite structures. In this work, the shape of the time reversed Lamb wave in the presence of delamination was studied experimentally. This study aims in showing the effectiveness of Lamb wave time reversal for damage detection in health monitoring applications.
I. Introduction
Lamb wave based NDE methods are widely used for damage detection in engineering structures, especially aerospace, civil and marine structures. The existence of damage in a structure is generally traced by comparing the time-domain traveling wave response of the structure at its present state with a base-line response. Any fluctuation from the base-line response is correlated to the damage location through the time of arrival of the new peaks (scattered waves). Therefore by employing the wave based methods, the presence of damage in a structure is detected by looking at the wave parameters affected by the damage. The wave parameters that are commonly used for damage detection are the parameters representing attenuation and reflection of waves due to damage, mode conversion etc. In addition the ability of Lamb waves to interrogate large and complex structure quickly and the generation (and reception) of Lamb waves using embedded or surface bonded PZT wafers makes them suitable for Structural Health Monitoring (SHM) applications. The major problem of employing Lamb waves for SHM is being multimodal and dispersive in nature which makes it more difficult to analyze and interpret the experimental signals. The other major concern is the effect of damage on the Lamb waves are small comparable to the effects due to geometry of the finite structure which causes dispersion and scattering of waves. To overcome the above problems, advanced signal processing techniques based on time-frequency analysis have been employed to extract the useful information from the Lamb waves. But signal processing techniques post process the wave response and remove the dispersion effects. Therefore a new approach is required to reduce the dispersion effects of Lamb waves before applying signal processing techniques and one such method is the time reversal method.
II. Time Reversal technique
The concept of time reversal are widely used in many applications namely, underwater acoustic imaging, nondestructive testing and telecommunications. Time reversal is based on the time invariance and spatial reciprocity form of the acoustic waves propagating in any medium. 1 The invariance of the acoustic wave equations means that, for every burst of sound diverging from a source and possibly reflected, refracted, or scattered by any propagation media, there exists in theory a set of waves that precisely retraces all of these complex paths and converges in synchrony, at the original source, as if time were going backward. This principle is used in a Time reversal mirror (TRM) for detection of an anomaly, especially in medical imaging. One part of the TRM array generates a brief pulse to illuminate the region of interest through any medium.
2 If the region contains a defect, the reflected wavefront is selected by means of a temporal window and then the acquired information is time-reversed and reemitted. The reemitted wavefront refocuses on the target through the medium. It compensates also for unknown deformation of the mirror array. Although this self-focusing technique is highly effective, it requires the presence of a reflecting target in the medium. Much of the work using time reversal were based on non dispersive waves for medical imaging and very few work has been reported on the use of time reversed Lamb waves for damage detection. Time reversal of Lamb waves helps in spatial and temporal recompression of the wave response and also improves the signal to noise ratio. Another advantage of time reversal is the enhancement of the amplitude of the reflected wave from the defect and reduces the spurious reflection effects from the boundaries of the finite structure. Ing et .al .
3 used time reversal mirror to compensate the dispersion effects of Lamb waves. The authors used TRM in the pulse echo mode to focus and detect flaws in large metallic plate structures. Wang et .al . 4 combined time reversal and synthetic aperture technique for imaging the defect in the structure. The authors also shown that the dispersive nature of the Lamb waves makes it not possible to reconstruct the original tone burst excitation. Sohn et .al . 5 proposed an enhanced time reversal method for damage detection in composite structures. They employed wavelet transform to improve the time reversibility of Lamb waves. Through the experimental results they showed that the time reversibility breaks in the presence of delamination. 6 However the information regarding the amplitude and dispersion of the time reversed waves due to the presence of damage is not clearly reported. Xu et .al .
7 studied single mode tuning effects on Lamb wave time reversal for health monitoring application. They proposed a theoretical model which includes the PWAS model for studying the Lamb wave time reversal behavior in single mode, two modes (S 0 , A 0 ) and verified it experimentally. However the authors did not discuss about the interaction of time reversed Lamb waves with defects in the structure. In the present work we employ time reversed Lamb waves to identify the presence of damage in composite structure by analyzing the change in shape of the time reversed Lamb waves. 
III. Experimental study
The experimental setup ( Fig. 1) consists of a NI-PXI 6115 card data acquisition card connected to a computer and a preamplifier to amplify the signal from the sensors. Broadband pulse and narrow band tone burst signal was generated using the analog output channel of the NI-DAQ card which was used to actuate the PZT wafers. An inbuilt preamplifier was used to amplify the signal picked up by the PZT sensor and then the signal was transferred to the computer via the NI-DAQ card. The PZT wafer sensors used were 10mm in diameter and 1mm in thickness. The sensors were surface bonded to the structure using Pheny-salicylate salt. In this work, all the glass/epoxy composite plate specimens used have dimensions of 360mm x 360mm x 2.4mm. 
III.A. Time reversal of Lamb wave modes
The experiments were carried out on a unidirectional glass/epoxy composite plate ([0 12 ]) for both broadband and narrowband excitations. The schematic diagram of the composite plate specimen and the location of the PZT sensors are shown in Fig. 2 . A broadband gaussian pulse was used to actuate the PZT sensor A and the response picked up by sensor B is shown in Fig. 3a . The Fig. 3a clearly shows that the A 0 mode has undergone dispersion resulting in broadening of the pulse. The signal was then time reversed, amplified and re-emitted from the sensor B. The time reversed response was picked up by the sensor A and the reconstructed signal is shown in Fig. 3b . It is noted that, although wave recompression took place as the wave travels towards transducer A, the recompressed wave is not the same as the original gaussian pulse and this behavior is due to the frequency dependence of the time reversal operation. Nevertheless, these results confirm temporal focusing of the time reversed waves and also enhances the signal to noise ratio. Next, narrow-band hanning window tone burst signal centered at 50 KHz was used for exciting the PZT wafer. The flexural mode was generated in the structure and picked up by the sensor B. The signal is then filtered using the Labview tool to remove the noise. A rectangular window function was chosen to retain The Fig. 4a shows the reconstructed A 0 mode and clearly shows that experimental result closely matches with the time-reversed original tone burst.
The procedure discussed above for A 0 mode was repeated for the S 0 mode. The result is shown in Fig.  4b . The shape of the original pulse is not fully recovered because the various frequency components of the tone burst signals are differently scaled and superimposed during the time reversal process.
Furthermore, experiments were conducted on the composite specimen to study the similarity of the time reversed signal with the original input signal as a function of number of tone burst cycles. The similarity coefficient is evaluated using the equation,
where N is the number of samples in the signal, A i is the time reversed signal and A j is the incident tone burst signal. 7 The similarity plot for unidirectional glass/epoxy composite is shown in Fig. 5 . The similarity coefficient value for S 0 mode increases with the tone burst cycles. For A 0 mode, the similarity coefficient is high compared to S 0 mode and implies that the time reversed signal is more closer in shape to the original tone burst signal. III.B. Time reversal of A 0 + S 0 mode in Crossply glass/epoxy composite A broadband gaussian pulse was used to actuate the PZT transmitter which generated both the A 0 and S 0 mode in the structure. The signal picked up by the PZT sensor is shown in Fig. 7a and it clearly shows both the Lamb wave modes. After performing time reversal, three wave packets were obtained in the reconstructed signal as shown in Fig. 7b . The first and third wave packets were symmetrical about the second packet and the second packet resembles the incident gaussian pulse. Experiments were then performed under a narrowband excitation tone burst signal centered at 75KHz. The results are shown in Fig. 8 and clearly indicate that the presence of both the modes introduces additional wave packets in the reconstructed signal. The above experiments show that the generation of both the Lamb wave modes in the structure results in addtional wave packets in the reconstructed signal. These additional wave packets can cause problems in implementation of time reversal method as a damage detection technique. 
IV. Tpull carbon/epoxy composite specimen
Experiments were performed on tpull carbon/epoxy specimen (Fig. 9 ) and the change in shape of the time reversed Lamb wave in the presence of delamination was studied. The tpull specimen was subjected to tensile loading in a universal testing machine. As a result of loading, delamination was induced in the specimen. To begin with the interaction of the time reversed A 0 mode with delamination was studied. A 7 cycle hanning window tone burst signal centered at 50KHz was used to excite the PZT sensor. Time reversal experiments were performed on healthy and damaged specimens. The forward propagating A 0 mode is shown in Fig. 10a for both healthy and delaminated specimens. Fig. 10b clearly shows that for healthy specimen the time reversed signal closely resembles the original tone burst signal, but for delaminated specimen the shape of the time reversed signal is distorted. This results clearly indicates that the delamination breaks the time reversibility condition and shows the effectiveness of time reversed A 0 mode for damage detection.
Furthermore, time reversal experiments were repeated for S 0 mode on healthy and delaminated specimens. For S 0 mode the similarity coefficent increases with the tone burst cycles. Therefore, a 13 cycle hanning window signal centered at 230KHz was used for actuation. The experimental results are shown in Fig 11 and it clearly shows that the shape of the time reversed S 0 mode is distorted for both the healthy and delaminated specimens. 
V. Conclusion
Time reversal technique using Lamb waves was investigated experimentally for health monitoring of a composite structure. Experiments were conducted on glass/epoxy composite plates to study the time reversal behavior of A 0 , S 0 Lamb wave modes under broadband and narrowband excitation. The experiment results confirm the spread of the time reversed wave under broadband excitation which is attributed to the frequency dependency of the time reversal operation. The experimental results also showed that the reconstructed time reversed wave closely resembles the narrowband tone burst signal for both the Lamb wave modes. The variation of similarity coefficient with tone burst cycles was obtained for unidirectional, crossply and quasi-isotropic composite plates. For S 0 mode, the similarity coefficient increases with the number of tone burst cycles. In the case of A 0 mode, the similarity coefficient variation is less with the tone burst cycles. The similarity coefficient is high for A 0 mode compared to S 0 mode and therefore we can conclude that A 0 mode is more suitable for time reversal based SHM applications.
Time reversal of two (A 0 + S 0 ) modes was studied on crossply glass/epoxy composite plate and resulted in the presence of additional wave packets in the reconstructed signal. This study shows the problems caused by the unwanted wave packets on implementation of time reversal method as a damage detection technique.
Time reversibility of Lamb waves was then studied on tpull carbon/epoxy composite specimens. In the case of A 0 mode, the results shows that for healthy specimen the time reversed signal resembles the original input signal and for damaged specimen, the presence of nonlinearity due to delamination distorts the shape of the time reversed signal. Thus the above results establish Lamb wave time reversal method as a baseline free technique for damage detection in composite structure.
